Major ions and stable isotopes of groundwater in the Cape Coast granitoid complex (G1) and Lower Birimian (LB) formations in the Eastern Region of Ghana were evaluated to establish the source of recharge to the groundwater system. Five major hydrochemical facies were identified in the various rocks in the study area. They are calcium-magnesium-bicarbonate, sodium bicarbonate, sodium chloride and calcium chloride waters and mixed or non dominant water type. Sodium chloride and calcium chloride waters dominate aquifers of the Cape Coast granitoid complex whereas calcium-magnesium-bicarbonate is the dominant hydrochemical facies in the Lower Birimian aquifers. The most probable geochemical process responsible for the evolution of these hydrochemical facies is dissolution of minerals in the various rock types. Stable isotope composition of the groundwaters established that the recharge to the groundwater system is derived from rainfall.
Introduction
Over the years groundwater has been one of the major sources of water supply to the rural communities in the Eastern Region of Ghana. This is partially due to drying out of most streams during the dry season and to a lesser extent, pollution of the streams and rivers, which require high cost of treatment before supply. The exploitation of this vital resource dates as far back as the pre-colonial era through the construction of hand-dug wells. These wells were dug through the overburden and weathered rock material. The hand-dug wells did not yield sufficient water during the dry season and their shallow nature rendered them vulnerable to contamination from runoff and anthropogenic activities. As a result, a more effective and hygienic system of water supply in the form of boreholes as the cheapest and most reliable means of meeting the water supply needs of the people was initiated [1, 2] . The region has therefore witnessed numerous borehole-drilling programmes including the 3000-borehole programme, which covered five other regions in southern Ghana.
A large amount of hydrogeological and hydrochemical data have been generated through drilling activities in this region. However, as a result of unreliability of the data generated and the lack of a database, not much has been done in understanding the hydrochemical properties of the aquifers as a means of establishing the recharge regimes for the better management of the aquifer systems. The hydrochemical nature of the groundwaters has also not been thoroughly established. It is therefore difficult to predict the chemistry of groundwater and recharge areas.
The chemical composition of groundwater is controlled by many factors including composition of precipitation, mineralogy of the watershed and aquifer materials, aquifer characteristics, climate and topography [3] . These factors combine to create diverse water types that change spatially and temporally. These spatial changes in the water types can be evaluated and used to trace the recharge source(s) to the groundwater system.
The main focus of this study is to establish the recharge regime through groundwater sampling, looking at major ions and stable isotopes of the groundwaters. Specific objectives include identification of hydrochemical facies of the groundwaters and geochemical processes responsible for the various hydrochemical facies. It is intended to provide a database for sharing with stakeholders in the water sector, and to monitor and check land use practices in the recharge areas to ensure the safety of groundwater usage in the area.
Study Area

Location
The study area lies within latitudes 5 45 N to 6 30 N and longitudes 0 00 to 1 00 W. It covers an area of about 7414 km 2 . It is bounded on the north by Brong Ahafo region, south by Central region, west by Ashanti region, and east by Volta region and southeast by Greater Accra region. It consists of Akwapim North and South, New Juabeng, Suhum Kraboa Coaltar, Kwabibirem and East Akim districts (Figure 1 ).
Climate
The study area lies within the wet semi-equatorial climatic zone, characterized by two rainfall maxima, followed by a prolonged dry season. The first rainy season is from May to June with the heaviest rainfall in June, and the second rainy season is from September to October. On the basis of recent meteorological data (1993 to 2003) obtained from the Ghana Meteorological Agency (GMA), annual mean rainfall varies from 1206mm at Nsawam to 1487mm at Kibi. Figure 2 is a bar chart showing the total annual rainfall pattern in Koforidua area. The main vegetative zone is the moist semi-deciduous forest.
Geology and Hydrogeology
The study area is made up of the Cape Coast granitoid complex (G1) and the Lower Birimian (LB) rocks (Figure 3) . The Cape Coast granitoid complex comprises a heterogeneous group of rocks occupying most of Suhum Kraboa Coal Tar, New Juabeng, the northwestern corner of the Akwapim North and part of the Akwapim South districts. The bulk of the Cape Coast granitoid complex is a granitic to quartz dioritic gneiss, which in the field is seen to change gradationally from fine to medium grained, foliated biotite quartz diorite gneiss to exclusively hornblende-quartz-diorite gneiss [4] . The rock types present in the Lower Birimian are greywackes with turbidite features [5] , phyllites, slates, schists, weakly metamorphosed tuffs and lavas. Some of the phyllites contain pyrite and carbonaceous matter. The mode of groundwater occurrence in the study area is through the development of secondary porosities or permeabilities as a result of fracturing, jointing, shearing and deep weathering [2, 6, 7] . The fractures developed from tectonic movement, pressure relief due to erosion of overburden rock, shrinking during cooling of the rock mass and the compression and tensional forces caused by regional tectonic stresses [7, 8] ). Most of the groundwaters in the study area occur in the weathered zone [1] . 
Methodology
A total of 38 boreholes were sampled. The sampling points are shown in Figure 1 . Eighteen (18) samples were taken from rocks of the Cape Coast granitoid complex whereas 20 samples were from Lower Birimian rocks.
All water samples were collected in 50 ml pre-conditioned high-density polyethylene bottles. They were conditioned by washing initially with detergent, then with 10 % percent nitric acid, and finally rinsing several times with distilled water. This was carried out to ensure that the sample bottles were free from contaminants.
At the sampling point, the boreholes ware pumped for about 5 minutes to purge the aquifer of stagnant water to acquire fresh aquifer samples for analysis. 5 minutes pumping was allowed, because in most of the communities visited, pumping was already in progress. The pH and temperature were stabilised within the five minutes of pumping. Samples were initially collected in a sterilised bucket immediately after purging the aquifer and quickly transferred into sampling bottles. Samples were taken in duplicate for major ion and stable isotope analyses. Prior to this, field parameters were measured. Basic parameters measured in the field were temperature, pH, and electrical conductivity. Samples earmarked for major ion analyses were filtered on site through 0.45-micron meter cellulose filters with the aid of hand operated vacuum pump.
The samples were preserved in a refrigerator until they were transported to the laboratory for chemical analysis. The major ions were analyzed at the Ecological laboratory, University of Ghana, Legon with Dionex-120 ion chromatograph. The accuracy of the analyses was estimated from the charge balance error (CBE) [9] , which is within ± 5% for all samples.
The analysis of oxygen isotope ratio of 14 samples from the study area was determined using a VG Sira 10 mass spectrometer with automatic inlet at the Geological Institute, University of Copenhagen. The measurements of deuterium in the water samples were carried out using Euro Vector elemental analyzer (EA; EuroPyrOH-3100) at the Institute of Physics and Astronomy, University of Aarhus, Denmark. The results for both isotopes were expressed in per mil (‰) deviation from the Vienna Standard Mean Ocean Water (VSMOW) using the delta (δ) -scale. Reproducibility was better than 0.1 ‰ for δ 18 O and about 1 ‰ for δ 2 H. The Piper 1944 Trilinear diagram was employed to define the various chemical evolution of groundwater in the area. The diagram displays the relative concentrations of the major cations and anions on two separate plots, together with a central diamond plot where the points from the two trilinear plots are projected. The central diamond-shaped field (quadrilateral field) is used to show the overall chemical character of the water. Subdivisions of the diamond field represent water type categories that form the basis for one common classification scheme for natural waters [9] . The diagram was plotted using Groundwater Chart (GW-Chart) software. Table 1) . Majority of the samples in these aquifers falls within natural pH range of 4.5-7.0. In the Lower Birimian aquifers the pH varies from 3.0 to 6.3 with a mean of 4.1 and standard deviation of 1.0 ( Table 2 shows the temperature distribution pattern in the area. The arrow points to the region of higher temperature where aquifers of the Cape Coast granitoid occur. In this region the climatic condition changes slightly to the savanna grassland with drier conditions. This may have led to the higher temperatures in the lower topographic elevation. Temperature influences dissolved mineral constituents in groundwater.
Results and Discussion
Hydrochemistry
At higher temperatures groundwater dissolve more minerals resulting in elevated TDS and consequently conductivity. The higher topographic elevations which correspond to lower temperatures also correspond to lower TDS and conductivities thus describing a recharge area. The lower topographic areas of higher temperatures also correspond to higher TDS and conductivities describing a discharge area. The flow path is thus indicated in Figure 4 . Temperature and pH influence dissolution and precipitation of minerals in groundwater. In general water with low pH (<6.5) could be acidic and corrosive. Acidic waters could leach metal ions such as: iron, manganese, copper, lead, and zinc from the aquifer. The pH of the groundwater in the lower Birimian rocks are generally lower than 6.5. It ranges from 3.0 to 6.3, showing strongly acidic to slightly acidic conditions. The acidic nature of the waters could trigger various chemical reactions in the groundwater.
Conductivity values from 55 to 1999 µS/cm were also recorded while TDS ranged from 31.9 to 968.3 mg/l.
Detail hydrochemical data is presented in Appendices 1a and 1b.
The groundwater samples from the two main geological formations were plotted on the Piper 1944 Trillinear diagram to identify the chemical facies in the various aquifers in these geological terrains. The Cape Coast granitoid complex revealed five major water types (Figure 5) . These are calcium magnesium bicarbonate (CaMgHCO 3 ), sodium bicarbonate (NaHCO 3 ), mixed water type (water type in which none of the ions is dominant), calcium chloride (CaCl 2 ) and sodium chloride (NaCl). From the plots of hydrochemistry (Figure 5) , CaCl 2 and NaCl are the dominant water types in this geological terrain. The source of these water types is usually attributed to seawater intrusion for aquifers located along the coast [10] . However, the area under investigation is located in the forest zone where total annual rainfall varies from 1206 mm to 1487 mm. The granitoids weather to form thick layers composed of clay. Cation exchange reactions are therefore suspected from clay minerals and might be responsible for these NaCl and CaCl 2 water types. The source of Cl -in the groundwater could also be from infiltrating rainwater and carried to the groundwater zone. It is also possible that halite from previous aerosols may have concentrated NaCl in the soil zone. This is possible in the tropical zone with rainfall events followed by prolonged dry seasons during which period; it is possible to precipitate halite in the soil. The other possible source of Cl -may be from fluid inclusions in the granitic gneiss rock, which are characteristic of minerals of basement rocks [11] . Figure 6 shows that CaMgHCO 3 , mixed water types, NaCl and CaCl 2 waters occur in the granitic gneiss. The mineralogical composition of this rock type is 60 % plagioclase, 10 % microcline, 25 % quartz and 5 % biotite [4] .
The higher concentration of Ca 2+ and Na + in the groundwaters may therefore be due to the dissolution of plagioclase feldspars. HCO 3 -may have been generated in the soil zone en route to the groundwater zone as a result of decomposition of organic matter, which releases carbon dioxide that reacts with water in the soil zone. The reaction generates weak carbonic acid (H 2 CO 3 ) that aids the breakdown of minerals in the rocks resulting in the release of the cations responsible for the various hydrochemical facies. Mixed water types also occur in the granodioritic gneiss and granite. Biotite granite contains NaCl water.
Two major water types are identified from the aquifers of the Lower Birimian. They include calcium-magnesium -bicarbonate and mixed water types. Phyllite, argillite, tuff and schist aquifers contain calcium-magnesiumbicarbonate water type (Figure 7) . The occurrence of this water type in these aquifers may be due to the mineralogical composition of the rocks. The common minerals in these rocks are the calcic-plagioclase feldspars, hornblende, biotite, pyroxenes and olivine. The breakdown of the calcic-plagioclase feldspars and pyroxenes may be responsible for calcium in this water type, whereas hornblende, pyroxenes and olivine may be responsible for the magnesium in the water.
Very few samples from phyllite aquifers exhibit mixed water types.
Stable Isotopes
Analyses of stable isotopes were carried out on the sampled groundwater. The δ . The groundwater in the study area is therefore derived from rainfall. Figures 9  and 10 show the spatial distributions of oxygen-18 and deuterium in the study area with sampling points.
Conclusions
The hydrochemical facies in the groundwaters in the Eastern Region of Ghana are Ca-Mg-HCO 3 , NaHCO 3 , NaCl, CaCl 2 and mixed water types. With respect to the underlying geological formations in the area, the major water types in the Cape Coast granitoid complex are Ca-Mg-HCO 3 , NaHCO 3 , NaCl and CaCl 2 and mixed water types. The most predominant water types in the 
